Ondansetron is the drug of choice to prevent nausea in women undergoing cesarean surgery and can be used to prevent neonatal abstinence syndrome (NAS). Pharmacokinetics of ondansetron has not been characterized in pregnant women or in newborns. A nonlinear mixed-effects modeling approach was used to analyze plasma samples obtained from 20 non-pregnant and 40 pregnant women following single administration of 4 or 8 mg ondansetron, from umbilical cord blood at delivery, and from neonates after birth. The analysis indicates that: ondansetron disposition is not affected by pregnancy (p>0.05), but influenced by dose (p<0.05), and is characterized by rapid transplacental transfer and longer elimination half-life in neonates compared to their mother. A dosing regimen for prevention of NAS was designed based on the model. The regimen involves IV administration of 4 mg to the mothers shortly before cord clamping, or oral administration of 0.07 mg/kg (or equivalently 0.04 mg/kg IV) to neonates.
INTRODUCTION
Ondansetron is a potent and selective 5-hydroxy tryptamine receptor (5-HT 3 ) antagonist that is widely used to prevent and treat nausea and vomiting in surgical patients, 1 including women undergoing cesarean surgery. 2, 3 A recent study found that ondansetron was effective in preventing narcotic drug withdrawal symptoms in mice and humans, 4 suggesting that ondansetron could potentially be used to prevent or treat the narcotic drug withdrawal symptoms that develop in neonates born to mothers who consume narcotics. 5 The marked increase in the number of opioid prescriptions and in opioid misuse 6 has impacted pregnant mothers and their babies. The constellation of narcotic drug withdrawal signs that develop in infants with prenatal exposure to opioids, which is referred to as neonatal abstinence syndrome (NAS), 7 includes: tremors, irritability, hypertonia, seizures, poor feeding, vomiting, diarrhea, dehydration, and fever. At-risk neonates are usually admitted to an intensive care unit for observation, supportive care, and for opioid replacement if needed. The duration of opioid treatment can vary from 1 to 122 days (median 38 days). 8, 9 The incidence of NAS has increased 3-fold over the last 10 years, and costs for treatment of this condition have escalated.
We wanted to recommend an ondansetron dosing regimen for expectant mothers and their neonates that could be used to prevent the development of NAS in the off-spring of pregnant women who consume narcotics. For this goal to be achieved, ondansetron pharmacokinetics and trans-placental transmission in mothers undergoing elective cesarean section and their neonates need to be characterized. Ondansetron pharmacokinetics has been previously characterized in healthy volunteers, the elderly, 10, 11 and pediatric patients older than 6 months. 12, 13 However, its pharmacokinetics have not been evaluated in pregnant women or newborns (0-28 days old), nor has its trans-placental passage been characterized. Ondansetron is primarily eliminated by hepatic phase I metabolism; less than 5% of the intravenously administered drug appears unchanged in the urine. 14 The extensive physiological alterations that occur during pregnancy 15 and the known differences in neonatal drug metabolism 16 may necessitate a dosage adjustment if ondansetron is used to prevent NAS.
RESULTS
Samples were obtained from 20 nonpregnant and 40 pregnant women and from 39 neonates after birth. Demographic data are listed in Table 1 . Of the 371 ondansetron concentrations analyzed, 78 were from nonpregnant women, 191 were from pregnant women, 37 were from umbilical cord blood, and 65 were from neonates. Pharmacokinetic profiles for different groups in our study are shown in Figure 1 .
During our construction of the covariate model, we found that: the dosing level was the most important covariate affecting its CL and V SS , and that none of the other covariates (including pregnancy status) had a significant effect on the model. The population PK model parameter estimates calculated for women (pooled data from nonpregnant and pregnant groups), cord blood, and neonates; along with their between-subject variability and 95% confidence interval are summarized in Table 2 . Good estimation precision was noticed for the model fixed-effects parameters (%SE < 18%). The parameters showed Gaussian distribution around the point estimates, as indicated by the overlap between the asymptotic and log-likelihood profiling confidence intervals. Analysis of the results shown in Table 2 indicate that: (1) increasing the dose from 4 mg to 8 mg decreased ondansetron clearance and steady-state volume of distribution by 31% and 26%, respectively; and (2) the elimination half-life of ondansetron in newborns is 2.5 times longer than the β-half-life in adults on the 4-mg dose (15 hours versus 5.6 hours). Figure 1 shows that the relationship between observed ondansetron concentrations and the model predictions involves symmetric distribution of population predictions around the identity line, and good agreement with individual predicted ondansetron concentrations. This indicates that the data obtained were accurately predicted at the population and subject levels using the model. No patterns were observed in the plot of conditionally weighted residuals versus population-predicted concentrations, or time (Figure 2 ), indicating lack of systemic bias. Umbilical cord blood concentrations were linearly correlated with maternal predicted concentrations at delivery (Pearson's r 2 = 0.90), indicating lack of delayed distribution between the maternal and fetal blood and confirming rapid trans-placental transfer.
The VPC plots ( Figure 4) show that the observed ondansetron concentration percentiles were consistently within the 95% confidence intervals of the population PK model simulated concentration percentiles. The only exception was for the 8-mg dose of ondansetron administered to the control group, where the observed concentration was slightly underpredicted at the initial sampling time. These results indicate that the characteristics of the real world data can be adequately replicated using the model and ensure the correct estimation of the model variability parameters.
Simulations were then performed using the model to devise an ondansetron dose in neonates that would be effective for preventing the development of NAS. Figure 5 shows that IV administration of 4 mg to the mothers 15 minutes before cord clamping, or oral administration of 0.07 mg/kg (or equivalently 0.04 mg/kg IV) to neonates, produces an exposure level in neonates (AUC 0→24 h ) that is similar to that in adults treated with an 4 mg oral dose twice a day.
DISCUSSION
Ondansetron pharmacokinetic parameters have not been characterized in pregnant women or in neonates. In order to develop a treatment regimen that could reduce the public health problem caused by NAS, we need a detailed analysis of ondansetron pharmacokinetics in this population. Our analysis of ondansetron pharmacokinetics in pregnant women and neonates, and its trans-placental passage, enabled us to develop a predictive pharmacokinetic model. Based on the findings of our analysis, ondansetron dosing does not need to be altered in pregnancy, and it readily crosses the placenta. However, a dosage adjustment is required in neonates because of its longer half-life, which is likely to be due to reduced clearance. Although most of the microsomal enzymes that are responsible for ondansetron biotransformation are present at birth, their activities are considerably reduced. 16 CYP3A4 activity in full-term neonates is ~20% of adult levels, and does not reach adult levels until 6-12 months after birth. 17 CYP2D6 expression in neonates < 7 days is substantially reduced; 18 and CYP1A2, which is the last hepatic CYP450 to appear, 19 reaches 35% of adult levels after one year. 17 Our findings are consistent with the pharmacokinetic properties of ondansetron that were measured in other non-pregnant adult populations. Our finding that ondansetron kinetics follow a bi-exponential disposition, 13 and the measured clearance parameters (Table 2 ) are in good agreement with previously reported result. 10 Because 95% of ondansetron's clearance is mediated by hepatic oxidation, 20 the dose-dependent clearance is probably due to saturation of hepatic metabolic enzymes, as previously reported. 21 The rapid transplacental passage of ondansetron is also not surprising, because ondansetron is a highly lipid-soluble drug that readily crosses tissue membranes via passive diffusion. 22 However, the dose-dependent volume of distribution at steady-state observed here suggests a parallel carrier-mediated transport pathway. Neither weight nor age was a significant factor affecting the ondansetron pharmacokinetics in our study, and this can be attributed to the narrow range of weights and ages evaluated here.
Ondansetron is metabolized by multiple cytochrome P450 forms, including CYP1A1, CYP1A2, CYP2D6, and the CYP3A subfamily, with no single form of cytochrome P450 dominating the overall metabolism and the role played by CYP2D6 is minor. 23 The effects of pregnancy on the activity of cytochrome P450 forms are different: CYP1A2 activity decreases, while CYP2D6 and CYP3A4 activity increases during pregnancy. 15 This bidirectional effect could explain why pregnancy did not alter ondansetron clearance. Because ondansetron is only 70%-76% bound to plasma proteins 24 and its clearance rate is ~40% of the hepatic blood flow, 20 it is not likely that pregnancy-induced alterations in protein binding or liver blood flow influences ondansetron's hepatic clearance. Ondansetron's distribution volume is larger than that of total body water, 21 which suggests that the drug distributes into fatty tissues. Hence, the increased plasma volume associated with pregnancy 15 is not likely to affect ondansetron dilution. This may explain the lack of pregnancy effect on the distribution volume of ondansetron.
Scarce information is available on ondansetron effective dose for treating physical dependence or alleviating withdrawal symptoms when drug use is stopped in adults. Single IV administration of 8 mg in 8 healthy male volunteers significantly reduced naloxoneinduced withdrawal symptoms in 7 of them. 4 A case report indicated that oral 8 mg administered twice a day eliminated oxycodone-induced withdrawal symptoms in a 44 yearold female. 25 A preliminary controlled clinical trial in adults suggested that oral administration of 4 mg of ondansetron twice a day is promising for treating cocaine dependence. 26 Ondansetron is not approved for use in pediatric patients younger than one-month old. The dosing regimen described in the package insert for treatment of post-operative nausea and vomiting in one-month old patients is a single IV 0.1 mg/kg. Assuming an adult dose for dependence treatment of 8 mg twice a day, 25 the equivalent exposure in neonates, based on our model, will be achieved by combined administration of IV 8 mg to the mothers before labor and external administration of doses ranging between 0.07 and 0.1 mg/kg in newborns. This dose is higher than the labeled dosing for older patients closest in age to the neonates. Shifting to an adult dose of 4 mg twice a day 26 resulted in a higher safety margin for neonates.
Age-related differences in gastric pH, gastrointestinal motility, bile salts, pancreatic function, intestinal pH, and intestinal drug-metabolizing enzymes and transporters result in differences in absorption rate and extent between adults and newborns. 27 This should be more evident for drugs suffering first-pass metabolism like ondansetron. Accordingly, setting the absorption rate and bioavailability in neonates to be equal to that in adults is a simplification that may influence the validity of predictions following oral administration in neonates. However, there is no straightforward and accurate method for scaling absorption parameters from adults to newborns. This is usually done through complex PBPK models, which are beyond the scope of this work.
Because external ondansetron dose was not administered to neonates, it was not possible to uniquely identify clearance or volume of distribution. However, the assumption of equal distribution volumes in neonates and 1-48 month old infants is valid, since the birth weight of our neonates is in range of the weights studied by Mondick et al. 13 Assessing ondansetron pharmacokinetics in women at the time of cesarean delivery and following delivery would have reduced the inter-subject variability and better served one of the purposes of this study which is showing the effect of pregnancy. However, this study had been designed to follow the standard of care protocol developed by Stanford University Hospitals and Clinics for patients undergoing surgical operations.
It is possible that mothers who consume opioids metabolized by cytochrome P450 will exhibit different ondansetron pharmacokinetic profiles compared to opioid free women examined in this study, due to ondansetron/opioid interaction. Because of underdeveloped hepatic enzymatic activity in neonates, it is very unlikely that this will be the case in the offspring of both populations. However, the dose regimens rationalized by our model need to be evaluated in neonatal populations at risk of NAS development before they get approved in clinical practice.
In conclusion, we have found that pregnancy does not affect the pharmacokinetics of ondansetron. We found that ondansetron rapidly crosses the placental barrier, but it undergoes significantly slower neonatal clearance in the first day of life. The pharmacokinetic information and model developed here enables a dosing regimen for ondansetron to be developed, which can be used to prevent the development of NAS in babies born to mothers who consume narcotics.
METHODS

Patients, ondansetron dosing, and sampling
Following approval of the Institutional Review Board (IRB) at Stanford University, healthy nonpregnant women undergoing routine elective surgery and pregnant women undergoing elective cesarean surgery and their neonates were admitted to this prospective, open label study. Informed consent was obtained at the time of anesthesia evaluation. Informed consent for the neonates was obtained from the mother, and from both parents when possible.
Before intravenous administration of 4 or 8 mg of ondansetron, blood samples were taken from all of the women. Samples were taken once more 7, 15, and 40 minutes, and 8 hours after the drug was administered. A randomized design determined in advance of the study was employed for ondansetron dose assignment. The umbilical cord was sampled at time of delivery. After collection of blood samples, immediate centrifugation was performed and the plasma was separated and frozen for batched assay. Post-natal dried blood spots (DBS) were obtained from the neonates at 30 and 90 minutes, and 2, 6, and 24 hours after birth using a heel prick for capillary blood, in accordance with the Clinical and Laboratory Standards Institute's (CLSI) newborn screening guidelines. 28 
Analytical Method
Analysis of ondansetron in human plasma used in this study has been published 29 with modification.
Chemicals and Reagents-Ondansetron and the internal standard ondansetron-D,3 were purchased from Toronto Research Chemical, Inc. (Toronto, Ontario, Canada). Highperformance, liquid-chromatography-(HPLC) grade water, methanol, acetonitrile, and dimethyl sulfoxide (DMSO) were used for sample extraction and as the mobile phase (Fisher Scientific, Fairlawn, NJ). Standard stock solutions of ondansetron 1 mg/mL were prepared by dissolving the pure compound in DMSO. Stock solutions were stored at −20°C. Working standard solutions of the ondansetron were prepared by diluting three-fold ondansetron 0.4 mg/mL stock solution with DMSO.
Preparation of calibration standards and quality control samples-Human K 2 EDTA plasma, and DBS calibration, and quality control standards of ondansetron were prepared by spiking the 2.5-µL working standard solution of ondansetron into 50 µL of drugfree human EDTA plasma or blood (1:20) 
Plasma sample preparation-The plasma samples were prepared by mixing each sample with 300 µL of acetonitrile containing the internal standard ondansetron-D3 at a concentration of 100 ng/mL. The samples were then vortexed for 2.5 min and centrifuged (4°C, 13,000 g, 5 min). After centrifugation, 100 µL of supernatants were transferred into a 96-well plate. The well plates contained 100 µL of HPLC water. The standard curve range was from 0.338 ng/mL to 741 ng/mL. DBS sample preparation-For each DBS sample, 50 µL of spiked blood was transferred on Whatman 903 filter paper cards. After drying for 1 hour, the DBS were punched (6.4 mm in diameter, containing 20 µL blood) and reconstituted with 100 µL of HPLC-grade water. Then, 500 µL of the protein precipitation solution, methanol 0.2 M ZnSO 4 (7:3, v/v) containing the internal standard ondansetron-D3 at concentrations of 50 and 10 ng/mL, was added to the ondansetron samples. The samples were vortexed for 2.5 min and centrifuged (4°C, 8000g, 5min) . After centrifugation, the supernatants were transferred into HPLC vials. The calibration curve range for ondansetron was from 0.338 ng/mL to 82.3 ng/mL.
HPLC-MS/MS
Analysis-The extracts were analyzed using an LC-MS/MS system. First, 10 µL of the sample supernatant was injected onto an analytical column Phenomenex (Torrance CA) PFP 2.6 u 100×4.6 mm. A gradient was then run from 95% solvent A to 95% solvent B over 2 min. The mobile phase was solvent A: 0.1 % formic acid in acetonitrile and solvent B: 0.1% formic acid in water. The flow was 1 mL/min with a 5.0-min runtime. An Agilent (Santa Clara, CA) 1100 Series HPLC system was interfaced with the AB Sciex (Framingham, MA) API5000 tandem quadrupole mass spectrometer using a positive ESI source. The mass spectrometer was run using positive multiple reaction monitoring (MRM). 
Population Pharmacokinetic (PK) Analysis
Modeling strategy-A PK model was developed to simultaneously analyze ondansetron concentration-time data in the blood from nonpregnant and pregnant women, the umbilical cord, and neonates. A two-compartment linear disposition model was used to describe the data obtained from the women. The model determined parameters were total clearance (CL), inter-compartmental clearance (Q), central (V), and steady-state (V SS ) volume of distribution. A linear model best described the relationship between ondansetron concentrations in cord blood (C UC ) and in maternal blood (C MAT,1 ): (1) where K P is the placenta-to-blood partition coefficient. The model in equation 1 is based on the assumption that the umbilical cord compartment (fetal unit) is in equilibrium with the maternal central compartment. After delivery, the fetal compartment was disconnected from the maternal model and developed to a neonatal one-compartment model, with the distinct first-order elimination pathway K N0 : (2) where C N is ondansetron neonatal concentration and T del is delivery time, t' is time since birth (t' = t−T del ), and + is a truncation sign (+ = t−T del for t ≥ T del and 0 otherwise). The model's analytical solutions were specified in the $PRED section of the nonlinear mixed-effects modeling software program NONMEM (version VII; Icon Development Solutions, Ellicott City, MD). The first-order conditional estimation (FOCE) with η-ε interaction was used to estimate the model's parameters. The convergence criterion was determined to be three significant digits.
Under the assumption that the PK parameters are log-normally distributed, an exponential model was used to represent the inter-individual variability. A diagonal variance-covariance matrix was used. Log-transformation of plasma concentrations was performed before model fitting, and an additive model of residual (intra-individual) variability for PK observations was used. Discrimination between inter-and intra-subject random effects was not possible for cord data since only one observation was available per individual. Therefore, we only used residual variability.
A sequential approach was adopted to search for the best base model. We initially evaluated the one-and two-compartment models as structural models using the plasma concentrations from the women. Then, we obtained post hoc PK parameter estimates for each mother and used them to compute subject-specific predictions of ondansetron concentrations over the entire time range. Based on those maternal predictions, a linear model (assumes that equilibrium is rapidly achieved between the maternal central compartment and fetal unit) and effect-compartment model (the fetal unit acts as a virtual compartment that does not affect the maternal mass balance equations) were evaluated as structural models for the cord blood PK data. Akaike information criterion (AIC), and relative standard error (%SE) of the estimate were used for selection between rival models. AIC was computed as the NONMEM minimum objective function (−2 log likelihood) value (OFV) plus two times the number of model-estimated parameters. %SE was calculated as the percentage of NONMEM $COVARIANCE step; standard error to the parameter estimate.
We investigated the effect of pregnancy, dosing level, women's weight, neonatal birth weight, women's age, gestational age, and neonatal gender on maternal total clearance and volume parameters, as well as on neonatal elimination rate constant using stepwise forward addition and likelihood ratio testing at significance level of 5%. Linear, exponential, or power functions were used to model the relationship between a continuous covariate and a PK parameter. The covariate was centered or normalized using the corresponding mean value in the population investigated. Relationship between a categorical covariate and a PK parameter was developed to get a particular parameter estimate for every cluster. The effect of pregnancy was investigated as a categorical covariate, and as a continuous relationship with gestational age (GA): (3) where PREG is 0 for nonpregnant women and is 1 for pregnant women.
Model evaluation-Standard goodness-of-fit plots including observed versus predicted concentrations, observed and predicted concentrations versus time, and conditional weighted residuals versus population predictions and time were used as primary model diagnostics. Nonsymmetrical 95% confidence interval (CI) from log-likelihood profiling, using Perlspeaks-NONMEM 30 was used to assess the precision of the final model parameters. This approach, unlike the symmetrical, standard-error-based method, does not assume normal distribution of the parameters. 31 Ability of the final model to predict the distribution of measured ondansetron concentrations was evaluated through visual predictive check (VPC). The approach adopted in this work was the confidence interval VPC as described by Karlsson and Holford. 32 One-thousand replicates of a dataset having the same number of subjects, sampling times, delivery times, and dosing levels as the observed dataset were simulated using the final model. To calculate summary statistics and graph the results, we stratified the observed and simulated plasma concentrations from the women by pregnancy status and dosing level. Owing to sparse data, stratification of the observed cord and neonatal concentrations was not applicable, so we used prediction-corrected VPC. 33 Unlike standard VPC methods, observations and simulations are normalized based on the median of typical population predictions for specific time bin.
Simulation-A simulation study was performed to recommend a dosing regimen for prevention of NAS development. We hypothesized that an effective dose for preventing the development of NAS in neonates would produce an exposure similar to that obtained when 4 mg of ondansetron is administered orally twice a day in adults.
Our developed model in adults was adjusted by inclusion of a first-order absorption route. The bioavailability was set to 62%, which corresponds to the mean absolute bioavailability for 8 mg of ondansetron administered to adults in three previous studies, 10, 34, 35 weighted by the number of subjects. The absorption rate constant, 1.05 L/h, was taken from a study of ondansetron absorption following administration of 8 mg of solution in six healthy adults, 35 Three administration modes were considered in neonates: 1) maternal administration of IV dose prior to cord clamping, 2) external administration of an oral dose to neonates, and 3) external administration of an IV bolus dose to neonates. The first administration mode depends on transplacental transfer for delivering the drug load to neonates (as considered in our developed model, Eqs. 1 and 2). The external administration modes are based on the assumption that ondansetron disposition in neonates follows a one-compartment model with a first-order elimination rate constant, K N0 . Absorption parameters were set to values equal to that in adults, as explained on the previous paragraph. The volume of distribution for the external administration in neonates was set to 3.5 L/kg (steady-state distribution volume in 1-48 month old infants 13 ).
For each group, plasma time-concentration profiles were simulated in 1000 virtual subjects using the fixed-effects, intra-, and inter-subject variability parameter estimates of the final population model. Different doses and maternal administration times before delivery were examined. Values for AUC 0→24 h were calculated for each subject and their distributions were compared between adults and neonates.
STUDY HIGHLIGHTS
WHAT IS THE CURRENT KNOWLEDGE ON THIS TOPIC?
Ondansetron is the drug of choice to prevent nausea and vomiting in surgical patients, including women undergoing cesarean surgery. Ondansetron is effective in preventing narcotic drug withdrawal symptoms in mice and humans, suggesting that it can potentially be used to prevent NAS. Pharmacokinetics of ondansetron has not been characterized in pregnant women or in newborns.
WHAT QUESTION DID THIS STUDY ADDRESS?
We characterized the pharmacokinetics of ondansetron in non-pregnant, and pregnant women, and in neonates, as well as its trans-placental passage. Our ultimate goal was to derive an optimal dose for prevention of NAS.
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE?
The study indicates that: (1) ondansetron disposition is not affected by pregnancy; (2) dose is the most important covariate affecting its pharmacokinetics; and (3) ondansetron readily crosses the placenta, but (4) has a significantly longer elimination half-life in neonates compared to their mother.
HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND THERAPEUTICS?
Ondansetron dose does not need to be altered during pregnancy. We propose a dosing regimen for prevention of NAS. Visual predictive check of the final pharmacokinetic model for ondansetron concentrations non-pregnant women, pregnant women, cord blood, and neonates. Dashed lines represent the 5th, 50th, and 95th percentile of observed concentrations. Shaded areas represent the 95% CI for the 5th, 50th, and 95th percentile of simulated concentrations. Points represent the observed concentrations. Observations in cord blood and neonates were predictioncorrected. In cord blood and neonatal plots, closed squares and open circles represent observations following administration of the 4 mg and 8 mg doses to the mothers, respectively. Boxplot of model predicted AUC 0-24 h in adults following the oral administration of 4 mg twice a day (A); in neonates following the IV administration of 4 mg to the mothers 15 minutes before delivery (B); in neonates following the administration of oral 0.07 mg/kg (C); or IV 0.04 mg/kg (D) to neonates. Table 1 Women and neonatal demographics and gestational data. Ondansetron population pharmacokinetic parameter estimates. 
